The influence of bainite morphology on the impact toughness behaviour of continuously cooled cementite free low carbon bainitic steels has been examined. In these steels, bainitic microstructures formed mainly by lath-like upper bainite, consisting of thin and long parallel ferrite laths, were shown to exhibit higher impact toughness values than those with a granular bainite, consisting of equiaxed ferrite structure and discrete island of martensite/austenite constituent. Results suggest that the mechanism of brittle fracture of cementite free bainitic steels involves the nucleation of microcracks in martensite/austenite islands but is controlled by the bainite packet size.
Introduction
The well known difference in carbide distribution between bainite formed at high and low temperatures, namely interlath and intralath respectively, appears to exist in a majority of steels and makes the classical nomenclature of upper and lower bainite useful, both in describing the microstructural appearance and in classifying the overall reaction mechanism. In the upper bainite, the carbides precipitate from the carbon enriched residual austenite. The upper bainitic ferrite itself is free from precipitates. The precipitation of carbides in the upper bainite is a secondary process, not essential to the mechanism of formation of bainitic ferrite, except where any precipitation from austenite will deplete its carbon content, thereby promoting further transformation. In contrast, there are many observations that reveal that lower bainitic cementite nucleates and grows within supersaturated ferrite in a process identical to the tempering of martensite. 1 The slower diffusion associated with the reduced transformation temperature provides an opportunity for some of the carbon to precipitate in the supersaturated bainitic ferrite. A fine dispersion of platelike carbides is then found inside the ferrite plates, with a single crystallographic variant within a given ferrite plate, although it is possible to observe more than one variant of carbide precipitation in a lower bainite subunit. 1, 2 In the literature, other categorisation schemes for the description of bainite have been proposed. [3] [4] [5] [6] [7] These additional classifications can be useful in describing the form of the microstructure, but the mechanisms of all the bainitic transformations are the same among all the morphologies. Ohmori and co-workers 3, 4 claimed that in view of the crystallographic definition of bainite, the classification of bainite should be based on ferrite morphology but not cementite dispersion, i.e. the shape of ferrite is lath-or plate-like. They proposed a broader classification of bainitic type microstructures for low carbon and alloy carbon steels, where cementite is not associated with intermediate temperature austenite transformation. Following the description of Ohmori et al., the ferrite of the upper bainite in low carbon steels will always have a lath-like morphology, but bainite may be carbide free (type I), with austenite retained between laths, or has the cementite particles in the shapes of layers between ferrite laths (type II) or has fine platelets lying parallel to a specific ferrite plane in the interior (type III). As for martensite, bainite would change its morphology from lath-to plate-like, increasing the carbon content.
Bramfitt and Speer 5 proposed a new classification system encompassing both isothermally transformed and continuously cooled bainitic microstructures. The bainite morphologies are classified as B1, B2 or B3, depending respectively on whether the lath of ferrite is associated with:
(i) intralath precipitates (ii) interlath particles/films (iii) discrete regions of retained austenite and/or secondary transformation product (e.g. martensite or pearlite). Krauss and Thompson 6 qualified the Bramfitt-Speer bainite classification system as the most compressive proposal to date for bainite morphologies, but they also showed that this system does not describe all of the ferritic microstructures observed in continuously cooled low carbon steels. For instance, granular bainite, consisting of dispersed retained austenite or martensite/austenite (M/ A) constituent with a granular or equiaxed morphology in a featureless matrix which may retain the prior austenite grain boundary structure, is incorporated into the Bramfitt-Speer classification system by including a category of bainite consisting of lath-like ferrite with a discrete island constituent (B3). However, it is difficult to see how secondary phases can assume equiaxed morphologies in a matrix of lath-like ferrite.
More recently, Zajac et al. 7 provide a unified terminology, which may be applied for both low carbon and high carbon bainite. In this new classification, bainite is divided into three main groups depending on the ferrite morphology and the type and distribution of second phases:
(i) granular bainite with irregular ferrite (ii) upper bainite with lath-like ferrite and the second phases on lath boundaries (iii) lower bainite, lath-like or plate-like, with cementite within the ferrite plates or laths. The microstructure of low carbon high strength steels, composed of bainitic ferrite with M/A constituent, is called cementite free bainite in the classification of Ohmori et al. 4, 5 This bainite is, however, similar to the granular bainite at the microscale. The upper bainite, which does not contain carbides but the M/A constituent, is called degenerated upper bainite by Zajac et al. 7 The lower bainite having cementite forming within the ferrite crystal is divided into two groups, which have either lath morphology, typical for low carbon steels, or plate morphology, typical for lower bainite in steels with higher carbon levels.
It is important to remark that the granular bainite microstructure under the optical and scanning electron microscopes is observed as granular shaped coarse ferrite plates with islands of retained austenite and martensite. However, the granular shaped coarse ferrite plates do not really exist. In fact, they are sheaves of bainitic ferrite with very thin regions of austenite between the subunits because of the low carbon concentration of the steels involved. 8 The definition of granular bainite given by Zajac et al. 7 is based on microstructural observations, including optical microscopy and scanning electron microscopy (SEM), which are not of sufficient resolution to reveal the fine structure within the granular bainite.
The precipitation of cementite during bainitic transformation can be suppressed in low carbon steel using controlled rolling followed by multistage cooling processes 4 and alloying the steel with silicon (.1%), which is a well known carbide inhibitor in steels. 9 The carbon that is rejected from the bainitic ferrite enriches the residual austenite, thereby stabilising (partially or totally) it down to ambient temperature. The resulting microstructure consists of bainitic ferrite and M/A constituent. In the present paper, the authors will refer to this microstructure as cementite free bainite.
Silicon can avoid the precipitation of cementite between the plates of bainitic ferrite, but it is ineffective in retarding the precipitation of cementite from ferrite plates at low temperature condition. 9 Therefore, the formation of lower bainite is not inhibited in these steels. Following the classification of Zajac et al., 7 only granular bainite and degenerated upper bainite morphologies can be considered as a cementite free bainitic microstructure in these steels. These morphologies will be referred to as granular bainite and cementite free lath-like upper bainite, as shown in Fig. 1 .
It is clear that the term bainite describes a variety of different complex microstructures that offer diverse combinations of strength and toughness. In industrial practice, commercial bainitic steel grades with small variation in the diameter of the finished product, and thereby the cooling rate, may exhibit significant differences on toughness values that conventional microstructural characterisation, as used for quality control, is not able to explain. In the present work, two commercial steels were sampled from the hot rolling mill, and different continuously cooled bainitic microstructures were quantitatively analysed using SEM and electron back scatter diffraction (EBSD) techniques to investigate the relationship between the morphology and the impact toughness of bainite.
Experimental
Two commercial low carbon bainitic steels with different strength levels were chosen for microstructural investigations. The steels were conventionally hot rolled (wire rods with diameters ranging from 13 to 17 mm) by applying different cooling procedures after the last rolling pass at y1100uC. The cooling rate between 800 and 500uC was varied from 1?5 to 2?5uC s
21
. Before measuring the tensile properties and the impact strength, the samples were tempered for 1 h at 300uC to simulate industrial tempering of the bars in the bundles. Negligible change in the bainitic microstructure is expected after tempering for 1 h at 300uC. 10 Steel 1 is a C-Mn-Si-Cr steel 11 with a tensile strength level of y1200 MPa, whereas steel 2 is 1 Morphological classification used in present work based on categorisation scheme of Zajac et al. 7 and microstructural observations, including optical microscopy and SEM, which are not of sufficient resolution to reveal fine structure within granular bainite a microalloyed C-Mn-B type of steel 12, 13 with a much lower tensile strength level of y800 MPa. The chemical composition of the studied steels is shown in Table 1 . Steel 2 with the lower impact strength after hot rolling was chosen for further tests simulating more elevated cooling rates. For this purpose, 10610680 mm samples were reaustenised (910uC) in a Gleeble machine. The samples were cooled at fixed cooling rates of 3 and 9uC s 21 respectively. The influence of the prior austenite grain size on the morphology of bainite was also investigated. For this purpose, austenitisation at 1200uC and subsequent cooling at 9uC s 21 were performed in one of the studied samples. Table 2 lists the investigated steel samples and the corresponding process conditions.
Tensile specimens with a section of 8 mm diameter and a gauge length of 40 mm (B8640) were tested at room temperature according to the standard DIN EN ISO 6892-1:2009 (method B, stress rate controlled). The impact energies were measured on Charpy V notched (10610 mm) samples at room temperature using a 300 J Charpy testing machine. Only in the case of the 13 mm wire rod, smaller samples of 969 mm were taken. The specimens were tested in accordance with the standard DIN EN10045-1:1990. The impact strength values in J cm 22 were used for comparison. Fractography was carried on the Charpy impact toughness specimens using a Hitachi S2100 operating at 15 kV. The size of facets in the cleavage region has been estimated by standard quantitative metallographic method on fractographs at a magnification of 6500-61000.
The specimens were ground and polished using standardised techniques for metallographic examination. A 2% nital etching solution was used to reveal the microstructure by light optical microscopy. For more detailed microstructural characterisation, SEM was carried out on a JEOL JSM-6500F field emission scanning electron microscope operating at 7 kV. The volume fraction and the size of the M/A constituent were estimated by a standard quantitative metallographic method on SEM images at a magnification of 61500-62000.
Quantitative X-ray analysis was applied to determine the fraction of retained austenite. After grinding and final polishing using 1 mm diamond paste, the samples were etched to obtain an undeformed surface. They were then step scanned in a Siemens D5000 X-ray diffractometer using unfiltered Cu K a radiation. The scanning speed (2h) was ,0?3u min 21 . The machine was operated at 40 kV and 30 mA. The retained austenite content was calculated from the integrated intensities of (200), (220) and (311) austenite peaks and those of (002), (112) and (022) planes of ferrite. Using three peaks from each phase avoids biasing the results due to any crystallographic texture in the samples. The carbon concentration in the austenite was estimated using the lattice parameter of the retained austenite. 14 The EBSD patterns were collected at various locations on sections carefully polished with 50 nm colloidal silica suspension in the final stage of metallography preparation. The EBSD patterns were generated at an acceleration voltage of 20 kV and collected using a Channel 5 detector from HKL Technology. The indexation of the Kikuchi lines and the determination of the orientations were performed with software also developed by HKL Technology. The results were represented by means of inverse pole figure maps, which give the orientation of a macroscopic direction with respect to a specific crystal direction. The crystallographic packet size d B was determined as the mean distance between the high angle boundaries (.15u) that a cleavage crack would find during its propagation. It has been measured from the misorientation maps. For each scanned zone, two lines were traced from the corners to the opposite corners of the area, and a third line was traced parallel to the minor side of the rectangular area in such a way that the three lines intersect in one point. For each sample, three rectangular zones including y400 bainite packets were scanned using the EBSD technique. Figure 2 illustrates the SEM images of all the studied samples. Quantitative experimental data of these microstructures are presented in Table 3 . All samples have a microstructure consisting of mainly cementite free bainitic ferrite and M/A constituent. Two different morphologies of bainite have been identified by SEM depending on the cooling rate and the prior austenite grain size in the samples: cementite free lath-like upper bainite (consisting of thin and long parallel ferrite laths) and granular bainite (revealed as equiaxed ferrite structure and discrete island of M/A constituent).
Results and discussion
The SEM images clearly show the differences in morphology of bainite among the investigated samples. The steel 1-2?5 sample shows thin, long and slender well defined laths (Fig. 2a) , typical of high strength high toughness bainitic steels; meanwhile, the nature of bainite in the steel 1-2 sample seems to be coarser (Fig. 2b) , leading to lower strength and toughness values, as shown Table 4 . Moreover, the bainitic microstructure in the steel 1-2 sample exhibits a distribution of M/A constituent in the bainitic ferrite matrix as equiaxed M/A grains, instead of very thin films between subunits within a given sheaf of bainite. On the other hand, increasing the prior austenite grain size and decreasing the cooling rate in steel 2 enhance the formation of granular bainite at the expense of lathlike upper bainite, as Fig. 2c-f suggests. It is also observed that the lower the cooling rate, the coarser the M/A grains inside the granular bainite. Table 5 summarises different morphologies of bainite observed in all the studied samples.
Granular bainite is supposed to occur only in steels that have been cooled continuously. It cannot be produced by isothermal transformation. 15 The extent of transformation to granular bainite is found to depend on the undercooling below the bainite start temperature. 16 This is a reflection of the fact that the microstructure, like lath-like bainite, exhibits an incomplete reaction phenomenon. 17 The evidence indicates that granular bainite is not different from lath-like bainite in its transformation mechanism. The differences between both morphologies of bainite are mainly a consequence of the slow continuous cooling transformation that permits extensive transformation to bainite during gradual cooling to room temperature. 17 A characteristic feature of granular bainite is the lack of carbides in the microstructure. The carbon that is partitioned from the bainitic ferrite stabilises the residual austenite, so that the final microstructure contains both retained austenite and some high carbon martensite. Consistent with observations on lath-like upper bainite, there is no redistribution of substitutional solutes during the formation of granular bainite. 18, 19 The impact toughness values achieved in cementite free bainitic microstructures are generally attributed to the amount of martensite V M . [20] [21] [22] In principle, the presence of a very hard phase, such as martensite, in a bainitic microstructure, would deteriorate the toughness, as it has been extensively reported. [20] [21] [22] However, Chatterjee and a steel 1-2?5; b steel 1-2; c steel 2-9; d steel 2-3; e steel 2-1?5; f steel 2-1200-9 2 Scanning electron micrographs of continuously cooled bainitic samples (LLUB: lath-like upper bainite; GB: granular bainite) Bhadeshia 23 proposed and showed experimentally that the load transfer into the hard martensite becomes similarly difficult as the scale of the martensite decreases in a relatively soft matrix. In other words, the martensite will not crack easily if its size is reduced below some critical value typically y10 mm. Naturally, workhardening comes into this scenario so that sufficient load should eventually be transferred into the martensite to cause fracture. However, the stage at which this occurs ought to be delayed when the martensite is fine.
The results in Table 3 suggest that the amount of martensite in the microstructure does not fully explain the toughness behaviour of the studied samples (Table 4) . For instance, steel 2-3 sample with a martensite content of 0?05¡0?03 in the bainitic microstructure reaches a lower impact toughness value (121 J cm
22
) than steel 2-9 sample (208 J cm
) with a martensite content of 0?12¡0?03. The size distribution of the M/A constituent (films and grains) was also quantitatively determined in the studied samples. Table 5 Figure 3 illustrates the size distribution of the equiaxed M/A grains in microstructures with granular bainite morphology in different samples. Comparing these data with the impact strength values in Table 4 , there is some indication that the presence of coarse equiaxed martensite islands with a diameter of 4-6 mm might cause brittle behaviour in these bainitic microstructures.
In addition to the coarse M/A grains, fracture may be controlled by microstructural features such as bainite packet. [24] [25] [26] Bainite is a microstructure made up of packets of parallel plates in the so called morphological packet. The good toughness of this microstructure is related to the high density of the high angle boundaries that these microstructures usually present. 27 This kind of boundary acts as obstacles to cleavage propagation, forcing the cleavage crack to change the microscopic plane of propagation in order to accommodate the new local crystallography. 28 Low angle boundaries are not effective obstacles and, consequently, seem to have no influence on the toughness of steels. For this reason, from the point of view of the fracture micromechanism, it is more convenient to use the concept of a crystallographic packet, 27 which is defined as the continuous set of ferrite plates with a crystallographic misorientation lower than a certain angle (15u here), instead of the previously defined concept of a morphological packet. Figure 4 illustrates the differences in the type of grain boundaries (low or high angles) and the grain boundary misorientation between lath-like upper bainite (Fig. 4a ) and granular bainite (Fig. 4b and c) . It is clear from the misorientation map that the effective crystallographic packet, i.e. the continuous set of ferrite plates with a crystallographic misorientation lower than a certain angle in lath-like upper bainite, is finer than in granular bainite. Table 6 lists the crystallographic packet size d B determined from misorientation maps (see three examples in Fig. 4) as the mean distance between high angle boundaries (.15u) that a cleavage crack would find Subsuming these results, a combination of M/A size distribution and bainite packet size gives an explanation for the found differences in Charpy impact strength. Granular bainite contains discrete island of M/A constituent and forms a relatively large effective grain size. These conditions limit the reachable level of impact strength. In contrast, lath-like upper bainite contains small M/A films, and the bainite morphology consists of small effective grains with a high interior dislocation density.
The SEM images of the fracture surface of steel 1-2?5 and steel 1-2 impact specimens tested at room temperature are shown in Figs. 5 and 6 respectively. Three regions are visible below the stretched zone: shear fracture (SF) region measured to be 70% in steel 1-2?5 and 10% in steel 1-2; microvoid coalescence (MVC) region and cleavage (C) region. Although it was possible to identify the fracture initiation site by tracing river lines to an origin on low magnification micrographs (Figs. 5 and 6), the initiation site itself was usually featureless. The identification of the crack nucleation sites in these microstructures is currently under investigation, but it is believed that hard M/A grains are most susceptible for microcrack nucleation. 22, 29 Ritchie et al. 30 provided indirect evidence that hard particles other than cementite can initiate cracks in bainitic steels.
The size of transgranular facets measured on the SEM images (see an example in Fig. 5C ) of the cleavage region of all the tested bainitic samples is listed in Table 6 . The increase in the facet size detected on microstructures with granular bainite morphology must be closely related to the increase in the bainite packet size d B measured by EBSD analysis. In general, the measured facet size has been found to be larger than the corresponding bainite packet size, except for the sample steel 2-1200-9, where both values are very similar. The d B value is known to be related to the unit crack path or region in which the crack propagates almost in a straight line and corresponds to the distance between two neighbouring high angle boundaries. 24, 31 Morris et al. 32 clearly illustrated that relationship in as quenched a 9Ni steel using profile SEM fractographs of cleavage fracture. The steel is cleaved along {100} planes that cross many laths within the packet; meanwhile, the crack branches at packet boundaries where the orientation of the {100} planes changes.
Therefore, the brittle fracture of both continuously cooled cementite free low carbon bainitic steels is governed by the extension of fast microcracks across low angle bainitic ferrite boundaries. Hard brittle phases such as M/A grains are essential, because they permit the crack nucleus to form. The brittle fracture stress will then depend on two quantities: the size of the microcrack, which corresponds to the M/A grain dimensions, and the resistance to growth that the microcrack experiences when it attempts to cross the boundary. The microstructural feature whose boundaries resist microcrack extension in the studied steels has been found to be the bainite packets.
Conclusions
Microstructural characterisation and impact toughness evaluation of different continuously cooled cementite free low carbon bainitic steels have demonstrated that bainitic microstructures formed mainly by lath-like upper bainite, consisting of thin and long parallel ferrite laths, exhibit higher impact toughness values than those with a granular bainite morphology revealed by the SEM as equiaxed ferrite structure and discrete island of M/A constituent. Granular bainite shows evidence of low resistance to crack propagation during cleavage fracture because of its larger crystallographic packet size. Moreover, the stress concentration associated with coarse M/A grains is considered as a possible factor contributing to the premature crack nucleation.
